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ABSTRACT

Tre reentry signal attenuation calculations presented in this volume
, are a part of the lifting reentry communicaticn system study described
in Volumes I and II. Extensive plane wave attenuation tables are given

for the following plasma conditions:

0.8 < fus 800
10°%s d/rg = 3.5

10"45 ercv/w;d < 1.0

A brief review of the planc wave analysis is also included. Plasma
antenna effects and the effects of inhomogeneities in the plasma
sheath are discussed.
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NOMENCLATURE

aperture width

velocity of light

plasma slab thickness

electric field arnplitudes in plasma slab
complex amplitude of electric field across aperture
electric field amplitude in feed waveguide
gain function

normalized gain function

free space wavenumber

plasma wavenumber

z component of ko(kp)

complex voltage reflection coefficient for aperture
radiating into free space (plasma environment)

transmission coefficient

unit vector in x (or y) direction

v/w, collisional parameters

wp/w : normalized plasma frequency
admittance of free space (feed waveguide)
equivalent plasma surface impedance

characteristic impedance of free surface
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plasma attenuation constan'

equivalent angle of incidenc:

permittivity of free space

complex dielectric constant oir nlasma region, Eq.
angle of observation with respec:. to 2z axis

free space wavelength

permeability of free space

equivalent collision frequency

radian signal frequency

radian plasma frequency

without plasma sheath
with plasma sheath
incident

reflected

transmitted
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L INTRODUCTION

This is the last of three volumes describing the analysis of
lifting reentry communication systems. This volume is concerned
with the electromagnetic analysis of plane wave transmission through
a plasmia slab, The results of attenuation computations, perforined
on a digital computer, are presented in tabular format in the appendix
to this volume. These tables were used extensively in the =zstimmates
of reentry signal attenuation which appear ir Volumes I and Il. Howeves
since the plasma parameters appearing in the tables were wvaried over
a wide range, the tables should be useful for many other current reenir

applications as well as for lifting reentry.

A plane-wave homogeneous-plasma-slab model is assumed for the
attenuation computations. This mode! was chosen because it is the
simplest one which incorporates all the necessary ingredients for
attenuation estimates without including the details confronting an actuai
reentry flight configuration. The validity and limitations of this plane
wave approximation are discussed briefly in later sections of this

report.
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L PLANE WAVE ANALYSIS

A, PLASMA ATTENUATION

This section contains a brief review of the plane wave analysis
and a discussion of the plasma slab attenuation tables. A more
detailed discussion of the plane wave transmission through a plasma

slab for an arbitrary angle of incidence is given in Ref. 1.

The plasma slab geometry is depicted in Fig. 1. The plasma
region is sharply bounded by free space on either side and is assumed
to be homogeneous, isotropic, and slightly ionize¢. Collisional
effects are assumed to be Jdue to electron-neutral collisions and to be
velocity independent. The plasma region is thus characte rized by

a complex dielectric constant ep, which is equal to (Ref. 2)

2
i W
%" % ( - Tj‘V‘) ()

with W =@ /w and V = v/w, where ¢, is the permittivity of free space,
o is the radian plasma {requency, wis the radian signal frequency,and

v is the equivalent collision [requency.

The normal incident plane wave is assumed to impinge upon the
plasma slab from the left, z = -0, and tc have an e time
dependence. The electromagnetic fields in the threes regions can be

written in the form (Ref. 1)

-3-
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where ko is the free space wavenumber, k_ is the plasina wave-

B0 gy

number, By 18 the permeability of free space, Tlx is the unit vector

in the x direction, and u_ is the unit vector in the y direction.

The subscripts 1, 2 and 3 designate regions 1, 2,and 3 in Fig. 1.

The fields in region 1 represent the incident and reflected plane waves,
the fields in region 3 comprise the transmitted plane wave, and

the fields in region 2 correspond to the standing and traveling wave
components in the plasma slab. The transmission coefficient t

is defined as the ratio Et/Ei. It is obtained by applying the appropri-

3 ate boundary conditions at the two plasma-air interfaces, which

” resuits in

Hikod
: - {2)
cos kpd + {(j/2) (lt:o/kp + kpfko)sm kpif

t
t= =
E!

where d is the slab thickneas and

_ 1/2
k, = ole€)

2 \1/2
Kk =% [1--2
p o 1-3V
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The 7094 computer was programmed by the Aerospace Compu-
tation and Data Processing Center to calculate the magnitude of the
complex transmission coefficient given ix; Eq. {2) and to display the
computer output in tabular form as a function of the various plasma
parameters. The Appendix contains the computations for plasma
conditions commonly encountered during reentry. The normalized
plasrna frequen:y W and the normalized plasma thickness d/)‘o were
varied from 0.8 to 800 and 10"4 to 3.5, respectively. Each page
of the computer printout tabulates the .izne wave attenuation through
a plasma slab in dB for a given set of vaiues of d/"o and wp/w
and a fixed value of the parameter onlwzd. The printed parameters
D/LAM,. 0 and VLAM, 0/W*32D, which appear on the printout sheets,

denote the plasma parameters d/)a.o and V)\O/WZd, respectively,

Some of the computer results are also presenteu graphically
in Figs. 2 through 6. Figure 2 represents the plane wave plasma
attenuation as a function of wp/w and d/ko when the collisional
parameter v/w_ is assumed to be zero. The printed numbers
associated with each attenuation contour éorrespond to the attenuation
level in dB. The dashed lines represent paths of constant plasma
conditions (w_d/2wc = const, V/«.op = const) and yield the frequency
dependence of the plane wave attenuation. Moving to the left on one
of the constant plasma contours is equivalent to increasing the
signal frequency. For a collisionless plasma, the plane wave
attenuation decreases with increasing frequency, and increases with

increasing slab thickness or plasma frequency.

Figures 3 and 4 display the attenuation contours with the
collisional parameter v/mp equal to 0.1 and l.0,respectively.
The most significant difference between the results for lossy and

lossless plasmas is an alteration in the frequency 'dependence.

-6-
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For lossy plasmas, the attenuation no longer decreases with S

increasing signal frequency. Typically, the attenuation approaches
an asymptotic value at low frequency and at first incroases with

increasing frequency. As the signal frequency approaches the plasmg -.

frequency, the attenuation goes through a maximum and begins to

decrease with increasing signal frequency. L L

The shaded areas in Figs. 2 through 4 represent the regigé\é =

where the slab computations can be approximated by asymptotis ~ <= \' 3
solutions. In the lower region, jump conditions (Ref. 1) can hé -
used to approximate the plzsina layer. In other words, when the L
plasma thickness is much smaller than an attenvation length, S i igf s

the reflection and transmission characteristics are governed by an

"

equivalent surface impedance or induced surface current density.

The transmission coefficient can be approximated by

A R O SRR By I AR RSP ek A RV o s R B AR Y R RO

, .
P 8 -

t > 177735 .
(e} 8

where Zs/ Z, is the normalized plasma surface impedance and -

1 .
S . A /Z = (v + J)
. When the plasma thickness is much greater than an attenuatib’it: g ;,/ 4
SN length (upper shaded region), the signal attenuation can be appr_o,d,_?.;’_:;::?,—s_ ’,
i »‘ by . ) i ' ‘_—";/’;?E'{'_..'
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where G‘p is tue plasma attenuation constant., The first term in
£q. {3) i= equivalent to a refiecting loss; the exponential term is
equal to the amount of aftentation a ray encounters in one pass

through the plasma layer.

Figures 5 and & illusirate che effects of collisions on the
signal attenuation for a plasma thickness of 0.5k, and L0 A,
respectively. These figures show that collisional effects tena to
reduce signal attenvarion except in the reogion near the plasma

frequency {W ~ 1)

R L L et Er A e ey

pha

B. PLASMA-ANTEHNNA INTERACTIONS

The detrimental effects on rf communications produced by reentry

plasma sheaths {such as antenna pattern distortion, signai attenuation,

i e 1 b Ay A

and antennz impedance rchanges} have been discussed in the literature
{Refs. 1 - &). Due to the high attenuvation of the fields within the reentry
plagma sheath, the antenna pattern distortions produced by multiple
reflectior inside the sheath are relatively unimportant. If the surrounding
plasma is separated from the metallic skin of the vehicle by a dielectric
ablating material such as Teflon, the resulting radiation patterns may

be distorfed due to the ducting of rf energy betWeen the plasma and
vehicle; however, when the dielectric spacing is much smaller than a
wavelength these effects tend to be relatively small compared with signal

absorption in the plasma and with antenna impedance effects.

VWhen the plasma sheath is in contact witk the conducting surface
of the wehicle and the thickness of the gheath is large compared with an
attenuztion length, the following infinite slot (see Fig. 7) analysis

demonstrates the correspondence between the plane wave theory and

IIORIBIRRN semizpo I,

o~ e i e - PR
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o

the antenna formulation. The normalized far-field radiation pattern

can be expressed as follows (Ref. 7}

) 2 k a sin® }
(%) cosf cos(——?-—-z—-—-:) 1 -
y ap T 2 . Z k d+3 0z . x 4
(.5> ~ {k_ 8in6) cosk d+] kpz sink

when the slot is excited by the dominant TE mode {co-siuusoidal
aperture distribution), and where a is the aperture width, E is
the complex amplitude of the electric field across the aperture, 6
is the angle of observation with respect to the z axis, the subscript z

denotes the z component of the respective wavenumbers, and where

[P —— P T (sl O T T R Ry

k = k_ cos8
. oz (o)
K, = ko KL - sin%e |1/2
Pz oL p o
. 2
2.2 _ w
kp /ko = 1- v

The term Eap accounts for changes in the driving point admittance of
the slot, the s¢cond term depicts the normal distribution of electro-
magnetic energy in the far field in the absence of plasma, and the
last term expresses the eifects of plasma on the radiation. The
magnitude of the last term in Eq. (4) approaches unity as the piasma
is removed. In order to evaluate the change in signal level caused

by the plasma layer the following ratio is determined (Ref. 8)

- [EP(e, 1| °
_ ‘ gle) = —=
!Ey(e, r)l

(5)

[P
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e where the superscripts p and o denote the conditions with *
; and without the sheath, respectively. Substitution of Eq. (4) into .
: Eq. (5) yields
2 .
ap! .

g(e) =

,Eo %2 Roz (6)
ap cos kpzd + ] -E;-z- sin kpzd

The gain function g(@) is evaluated for a constant input power to the
radiating system, with the source assumed to be well isolated from
the aperture, so that changes in the driving point admittance of the.
aperture have no effect on the frequency or output of the source.
Equation (6) therefore represents the total plasma attenuation,

The amglitude cof the electric field developed in the aperture in
the absgsence of the plasma Ezp can be expressed (neglecting

the evanescent modes) as

0 _ i A
Eap-EO(l+r) (7)

o

where E; is the incident electric field in the feed waveguide and 1'30
is the comaplex voltage reflection coefficient for the aperture radiating
into free space. In a similar manner the electric field in the

presence of the plasma sheath can be expressed as

e o i AR VPRI IO P R A AR PR B O Rt wa s v

Linan b Rt it bt

P _ i A
Eap = Eo {1 + rp) (8)

where ép is the complex voltage reflection coefficient of the aperture

LR

radiating into the plasma environment.
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Comtining Egs. (€}, {7), and (8) and normalizing the gain
function vields

. 2
Gle) = gl@) |1+1 ]
2 1 :
Giv) = |1+ 'ép' n -{9)
cos k_d + j —2 gin k_ d
pz k z
pz

-

When the plasma is highly rwverdense, i.e., lkpi»ko, and the slab
is thick compared with a plasma attenuation length, i.e.,

Im(kpd) >1, the following simplifications can be introduced:

;.
G(e) = 4|1 + ép 2

exp [—ZIm(kpd)] (105,

Furthermore, the anerture reflectior coefficient % is related to
the driving point admittance of the slot YE which radiates into the
plasma snvironment

. 1-YPyy

= —2R & : (11)

D p
1+ Y2 /Y
ap g

The driving point admittance for an infinite slot antenna
radiating into a plasma environment can be approximated by (Ref. 9)
k_ /e, \1/2

Yp ~ P ..9.)

ap k o

(12)
(o]

when the plasma region is assumed to be highly overdense and

semi-infinite in extent. Equation (12) is also applicable for a plaisma

-17-
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slab geometry, provided the plasma is lossy and the slab thickness
is much greater than an attenuation length. In other words, the’
reflections occurring at the aperture interface tend to be insensitive
to the plasma thickness and are approximated by results obtained
for a slot antenna radiating into a plasma half space.

The ratio (o.?<>/;.t°)l 2/Yg is related to the equivalent angle of
incidence Y of the two plane waves reflecting oif the walls of the
waveguide which comprise the dominant TE mode (Ref. 10)

Yg/(eo/po)llz = cosY (13)

yeTy

Substituting Eqs. (11}, (12) and (13) into Eq. (10} yields the

:

g approximate expression for the overall degradation by the highly

§ reflecting and absorbing plasma sheath of the rf signal emanating:

% from a slot antenna: <
. % ¢
E 4k°cosY 2
E p

i The plasma slab transmission coefficient for a plane wave incident

upon the slab at an angle Y, with the electric field polarizad in

the plane of the plasma interface, is {Ref. 1)

3 t +jk..4d
: e=Z - e ll0z (15)
P E cos kpzd 2+ (j/2) (kpz/koz + koz/kpz) sin kpzd
3
- 18-
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Under the assumptions used in Eq. (14), namely Im kpd »> 1,
ikpl >> ko" the plane wave transmission coefficient reduces to
k cos\(2

e = | _°k;... exp [-2Im(k )]
}

which is the same result obtained from the slot antenna analysis,

i. e.,

ae) = |t|?

Thus the net effect produced by the thick overdense plasma sheath
on the rf radiation emanating from the slot is an overall attenuation
of the signal with no redistribution of the far-field radiation

pattern other than what would be predicted from plane wave theory,

C. INHOMOGENEOUS PLASMA PROPERTIES

The equivalent dielectric properties of the plasma slab were

assumed to be homogeneous in order to simplify the computations.
This assumption seems to yvield more than adequate numerical

results for most reentry system analysées. For example, where

the plasma sheath is highly overdense and thin compared with a
plasma attenuation length {conditions which are satisfied in many
slender~-body reentry vehicle configuratiors), the plane wave reflection
and transmission coefficients are functions of the integrated plasma
conductivity and are independent of the electron density distribution.
In other words, the signal attenuation through a plasma layer

is governed by the equivalent surface current or surface impedance,

which can be approximated by means of a homogeneous plasma slab,

~19-

e i S A (R = e\ g o




.
,
H
H
-

T ey

vt

IR LR RT3 N A <7 Al R B S B

sdesy

L g AN Lt bisty ,
. D T RSNt S werEge v o o

When the thickness of the overdense plasma is smaller than,a
free space wavelength and is of the order of or greater than a plasma
attenuation length (conditions which are normally characteristic of
severe reentry blackout problems such as are observed in lifting
reentry), the plasma reflectic. and transmission coefficients may
be affected by the inhomogeneities within the reentry plasma sheath,
Typical errors in the trarnsmission coefficient attributed to the neglect
of the inhomogeneitiesare illustrated in Fig. 8 as a function of both
arbitrary polarization and angle of incidence.

The equivalent homogeneous plasma slab used to approximate the
inhomogeneous case was characterized by a plasma frequency
corresponding to the peak electron density in the sheath profile, a
thickness which conserves the integrated electron density, and an
average collision frequency. The homogencous attenuation calculations
were computed assuming a plane wave model for an arbitrary angle .
of incidence (Ref. 1) and results were compared with the inhomogeneous
numerical results obtained by G. Bein (Ref. 11). The electron
density distribution used by Bein is shown in Fig. 9, and is typical
for a boundary layer plasma sheath. The peak electron density is
4 x 1011 electrons per cm3 and the equivalent collision frequency is
about 2 x 108 collisions per second, The equivalent homogeneous
slab is also sketched in Fig. 9 and has a thickness of 0.5 cm. The
signal frequency is 244.3 MHz. The results illustrated in Fig. 8
demonstrate that the errors associated with the homogeneous slab
are weli within reasonable tolerances compared with those signal
attenuation errors associated with the estimation of electron
density. For example, an error of a factor of two in electron

density would result in 2 6 dB error in the attenuation level, whereas

the homogeneous assumption introduces an error of iess than 2 dB.

~20-
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When the rseniry plasma sheath has an egquivalent thickaness
which is of the order of a free space wavelength, the reflection
coefficient is more strongly dependent upcn the inhomogeneous
properties of the plasma; however, when the reentry plasma conditions
produce severe signal blackout the dominant attenuation mechanism
is absorption. Several examples of half-wavelength plasma sheaths
characterized by a triangular electron density distribution are
given in Volume I of this report. The results were then compared
with an equivalent homogenecus slab model. The comparison
illustrated that the homogeneous slab computation adequately approxi-
mated the signal attenuation produced by the inhomogeneous sheath.

Typical errors where of the order of 1 to 2 dB in a total attenuation
of -20 dB.

The preceding sample computations illustrate that plasma

inhomogeneites introduce small deviations from the signal attenuation

results obtainable from a homogeneous plasma slab model. The
plasma characteristics used in the analysis were not intended to
represent exact lifting reentry conditions, but were chosen to depict
regions where departures from plane wave homogeneous results
would be most prevalent. These results demonstrate that for most

| reentry conditions, ranging from slender body to severe lifting

reentry configurations, the surrounding plasma sheath can be

;' approximated by an equivalent homogeneous plasma slab.
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APPENDIX

PLANE WAVE ATTENUATION TABLES




NOTE ON USING TABLES

NOMENCLATURE

D/LAM.O = d/"o
W= w
p/w

VLAM, O/ W#*$2D = vxo/wzd

0.1000 £ - 05 denotes 0.1 x 10"

/ 0.1000 E 05 denotes 0.1 x 10%2

GUIDE TO VALUES OF VARIABLES

A. Pages A-3 through A-22

PR R RO

1. wp/w-oQ.S to 2.0 {complete range each page)

2. yXO/WZd ~103 01 {one value per page)

' : 3. 4/ A,™.0.1to 3.5 {complete range each page)
; B. Pages A-23 through A-42
o 1. wp/w - 2.0 to 50.0 \complete range each page)
"“ 2. vxolwzd - 10"3 to 1 {vue value per page)
” 3. d/XG — 10-4 to 2 (complete range each page)
( C. Pages A-43 through A-62
E ; 1. wp/w—" 50 to 800 (con;zplete range each page)
2 2. v)\olwzd ~ 10t o 1 (one value per page)
3. d/a --*_lO"5 to 1.5 {complete range each page)
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